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NACA ARR No. ESKO8
NATIONAL ADVISCORY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPCRT

PISTON HEAT-TRANSFER COEFFICIENTS ACROSS AN OIL FIIM IN A
SMOOTH~-WALLED PISTON RECIPROCATING-SLEEVE APPARATUS
By Eugene J. Manganiello and Donald Bogart

SUMMARY

Tests were conducted with & heat-transfer apparatus that sim-
ulates the pilston-cylinder-wall relation by means of a stationary,
electrically heated, smooth-walled aluminum plaston and & recipro-
cating steel sleeve separated by an oil film. Plston and sleeve
temperatures wvers obtalned for a range of heat lnputs from 1.0 to
7.6 Btu per second, speeds from 200 tv 1000 rpm, steady side thrusts
from 10 to 150 pounds, and a range of plston-clearance oll-supply
rates from 2 to 20 pounds per hour. The range of average tempera-
tures observed was 200° F to 455° F for the pilston and 150° F to
290° ¥ for the sleeve. .

The tests showed that the plston heat-transfvr coefficlent
Increased rapidly with an increase in the aversge oll-film tempera-
ture, increased with spesd, and increused with an increase in the
supply of oll to the plston clearance epace. Varlation of the
steady side thrust over a range of 10 to 150 pounds had no signif-
lcant effect on the piston heat-transfer coefflcient.

A fair correlation of the piston heat-transfer coefficlent as
a function of the average oil-film temperature or the average plston
temperature, the average sleeve velocity, and the plston-clearance
oll-supply rate was obtained, The plston heat-transfer coefficient
varled as the 1.15 power of the average oll-fllm temperature,
directly with the average piston temperature, as the 0,27 power of
the averege sleeve velocity, and as the 0.35 power of the pilston-
clearance oill-supply rate for the ranges of condltions specified,

The plston heat-transfer coefficient could also be falrly well
correlated as a function of a Reynolds and a Prandtl number based on
the average or the maximum sleeve velocity, the piston clearance,
and the physical properties of the lubricatling oll; the Nusselt
number varied as the 0.30 power of both the Reynolds and the Prandtl
numbers,
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INTRODUCTION

Adequate pilaton cooling s long been one of the crilical
factors limlting the speclflc output of alrcraft englnes. Satis-
factory analysls «f the plston-cocling nroblem has been hindered
primarily because of the slight and uncertain knowledge of tho
factors controlling the heat-transfer processes between the piston
and cylindor wull. These nrocesscs are cuompllicated by thou presonce
of an rll £film and piston rlnes ag well as by the occurrence of
reclprocating motion, pisten friction, and slds thrust.

As Tart of a program for tho stuly of plston cooling, thu NACA
in 1940 developed a satisfactory mewthod of measuring pls:ion tomper-
aturos at high speweds (1'6ferenco 1) using thermocouples whoso c¢ir-
cults wore comhlwted by contacts at bottom conter. Thlis method was
then employed in an inveetigation of riston temmeraturss in an alr-
cocled engine in which tha wvariations oif piston tumperature with
various opurating conditions weru indeve:dontly determined (rcfer-
ence 2). A satisfactory corr.lation of thwsu tust data could not
bu obtalned because of the dlvficulty in ovaluating the varlation
of the surfacu hoat-trunsfer ccofficlont botwoon tho niston and tho
cylinder wall with the diffeorent ongino cporating conditions.

In order to obtaln an insight into the factors affecting the
piston heat-transfer coefficiont, there was constructed by the NACA
an epparatus that silmulates the relatl:n of the »iston and the
cyllnder wall and provides cintrolled heat flux, ovperating sneed,
side thrust, and rate of sup~ly of lubricating oil to the niaton
clearance space and nermits varlatlion of the number and tyye of
piston rings. Tho piston in this a:par.tus is a statlionary alumi-
num nistun enclosing an eluctrical hea:or wnlt and the cylinder
wall is a reclnrocating stuvel slecve.

The tests runorted hereln rusent the resulis of the first
phase of an Investigaticn of somv . the facturs affecting tho
heat-tranafer coefficlenis of a smooth-walled plston, that is, a
piston on which no rings were installed. The varlatlon of average
piston and reciprocating-slceve temveratures with hoat flux, oper-
ating spesd, sido thrust, «nd rate¢ i plston-clearance ©ll supply
wug Inveobigated. The Listoa heal-tiunofor couvfilclients were
currolatod as functions of averazu oll-rilm temperature or average
pleton tempherature, averagu sluveve volocity, and rate of supply of
lubricatinz oll to thu pisteon cloarance spaco.
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. SIMBOLS
Ap - heat-transfer area of the piston wall _
Sp specific heat of fluid at constant pressure
D characteristio dimension or hydraulio diameter
(plstonr clearance)
P piston side thrust
| H heat flux from pinta;: te sleeve through oll film
h plston heat-transfer coefficient: rate of heat transfer

per unit area per unit temperature difference between
piston and eylinder or sleeve

k " thermal conductivity of fluid
Tp average oll-film temperature, -]2-'('.['p + Tg)
Tp average plston tempsrature
Tg average cylinder wall oxr sleeve temperature
Ve average fluld veloclty
Vg averagé reclprocating-sleevs veloclty
W rate of oll supply to nistun clearance apace
K absolute vlscosity of fluld
o] density of fluld
a], a2, constants
az
n,r,r', exponents
8,%,y
ANALYSIS

During engine operation, the plston receives heat from the
hot combustlon gases through 1te crown and transfers this heat to
the oylinder wall through en @il film via the ring belt and skirt
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and to the crankcase air and oll from the ilnternal surfaces of the
piston. When only the heat transferred to the cylinder wall is
considered, the pleston heat-transfer coefficlent may be written as

H
h = AP (Tp - Ts) (1)

If 1t 1s assumed that the transfer of heat from plston to
cylinder wall through the oll fllm 1s effected by a mechanism
similar to that controlling forced-convectlon heat iranafer for the
flow of flulds through tubes wlthout phase change, the plston heat-
transfer coofficlent may be expraessed by the familiar relation
obtained from dimensional analysls

2 (72 )

Specif'ia Apparatus Varlables

The physical properties of the fluid (the lubricating oil) are
functions of the average oil-I1lm tempurature Ty taken as the mean
of tho average piston temperature Tp and the average sleeve tem-
verature Tg. The charucteristlc dilmension, or piston clearance, D
is taken as the difference between the plstun and the sleeve diam-
eters (hydraulic diametor of the cleurance space based on the total
wetted surface); the plston clearance is effectively a function
of Tr.

An avorage fluld velocity Vy as usuzlly employed in equa-
tion (2) does not exlst in the prescnt aprlicatiun. The averags
01ll-film velocity is related to the average plston voeloclty or
average sleove veloclty Vg of the subJoct apparatus proportion-
ally to the oporating speed and 1s thuwrefore used instoad of' the
average fluld velocity. Equation (2) thon becomes

h=r* (Tf: vs) (3)

The piston sido thrust F and thoe rate of supply W of
lubricating o1l to the plston clearanco space are two pertinent
variables that may have an &ap,:ruclablc of “‘vet on tho piston hoat-
transfer coefficient. Incorporating thoso veriablos as additional
functions, equation (3) may be replacud by

h =f (Tg, Vg, F, W) (4)
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Assuming that the foregoing function of h with each varlable
takes the following form by means of which the effects of the 1nde-
pendent varlables considered may be evaluated, equation (4) may be
written

b =a (7)) (vy)® (B)° (W)Y (5)

For convenience T, may be used to approximate Ty 1in equa-

tion (5) as & measure of the effect of the physical properties and
piston clearance; therefore,

b =sp (Tp)7 (vg)® (0)F ()7 (6)

Additional phenomena, such as friction heating between the
piston and the oylinder wall and the reciprocating motion of the
piston, further complicate the plston heat-tranafer procosses. As
a result, neither equation (5) nor (8) may provide a complete
correlation of the test data; the present tests were run to sub-
stantlate thelr applicability.

The method of evaluating the expunents in tho assumed rela-
tion given in equation (5) 1s as follows: A log plot of h
against Ty for constant Vg4, F, and W will determinu the
oxponent r on Tp. A second »lot of 'h against Vg for

TA\T
(Te)
constant ¥ and W will establish the oxponent 8 on Vg. A

subsequent plot of —%———5 agalnst F for oconstant W
(Tr) (Ve) "

will doutermine oxponent +t. A final plot of m 5 %

(Te)" (Vg) (F)

agalnst W wlll serve to determine the vxponent y on W. Fair
correlation of the test data wlll verlfy the chosen parameters as
those representing the plston heuat-transler processes. A simllar
procedure may be followed for equation (6) using ‘I'p in place

of Tp.

Genersl Correlation

An alternative method of correlating the data using the non-
dimensional parameters in equation (2) may be applicable to the
plston heat-transfer process. Although the flow of flulds through
tubes, for which equation (2) 1s derived, is admittedly different
in many respects from the reciprocating relative movement of the oil
film, the piston, and the cylinder wall, there 1s some similarity
between the two processes.
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Insulated from each other and from the aluminum up to the hot Jjunc-

~ tion by flexlble glass sleeving so that the temperatures measured

wore essentlally surface temperatures.

Reclprocating-sleeve temperatures wore obtalned at 11 locatlons
by thermocouples, the circults of which -rere closed by contacts for
28 crank-angle degrees at bottom center. (See reference 1 for
details.) The thormocouple wires wc.’e housed in helical grooves
betweun the two shrunk cylinders compousing the recivrocating sleeve.
The wires were sealed in the grooves wlth vitreous cement and were
goldered 1n the onda of 1he groov.z wlia soft solder of high molting
point 3/32 inch from the innor surfrce J° the sleove. Two of ths
11 belical grooves contained comniete c’iiromel-constantan thermo-
couples; the other 9 contained only one thermcocouple wire, the mate-
rlal of the steel sleeve belng utillzsd as the other thermocouple
element. TFigure 4(c) shows the installation on the thrust surface
of the sleeve; the complete thormocounlo on thls surface was used
as a reference Jjunction for the other thcrmocouples. The thermo-
couple wilres were broughi out to the ccntr.ct blocks at the tov of
the sleeve.

Two thermoplles, consisting of four chromel-constantan thermo-
couples In serles were used to measure the temperature of the cooling
oll 1nto and out of the coolingz Jacket. A single thermocouple 1indi-
cated the temporature of the oll entering the rotameter.

The thermal olectromotlire forcea of all thermocouples were
measured by a portablo, prec!sion-type potentiometer in conjJunctlion
wlth an external spotlight falvanometer having a senaitivlity of
0.007 mlcroampore per mlllimeter. Temyuriturs measurocments are
believed to be accurate within #1° ¥,

011l systems. - The lubriceting nnd cooling-oll systems for the
platon reciprocating-sleeve an-aratus arc schomatically shown in
figure 3; both systems employed SA¥ 30 c¢il., The cooling-oil flow
rate was measured by a callbrated rn'ameter. Cil coolers were pro-
vided in both systems for temperature control; the largor oxpoeed
oll plpes were lagged with wool felt. The crankcasc was kept dry

by a scavenglng pump.

METHODS AND TuSTS

Tests were conductud on tho plston oclprocating-sleeve apna-
ratus for a range of valuws of heat input, operating speod, side
thrust, viston-clearance oll-sunply ratu, and average 3leeve tem-
peraturs. A few serles of lests were made in which the side thrust
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was completely reversed by means of the reverse-thrust pulley
(fig. 1). A constant average sleeve temperature was difficult to
maintain over the range of the other variables with the availeble
range of control of cooling-oil temperature and flow rate; the
cooling-oll temperature and flow rate were therefore arbltrarily
gopt coustant.

Piston and sleeve temperatures were obtalned over the followlng
range of operating conditiona:

Heat input, Btu per socound + « ¢« ¢ o o o o o o o s o o o L.0=Tu6
Speed,rpmn--.-............-.....200-1000
Side‘bhrus‘b,'pounﬂ.s...--....-..--..--.10-150
Clearance-~oll supply rate, rounds per hour « « « &« +» « » &« 2=20
Cooling-oll temperature, 6F e 8 o + s o o s s s s s s s 110-1T70
Cooling-oil flow rato, pounds per minute . . . « » « « « « 10-85

With this range of condltions, the followlng range of temper-
atures wag observed:

AVGrage piston tempemtu.re, OII e & e e o o o 5 e o * o 200'455
Avorage sloove temperaturs, °F . « « ¢ + o + o « o » « o 150-290

When sach of thou operating factors was sevarately varled, the
other factors were kept approximately constant. BSeveral series of
tests wore run for sach variable with the c¢iher operating conditions
at different constant values Lo confirm the trends at different
temperature and spevd lovela. A summary of these test condltions
is Included with tho test data 1in tablu I.

The physical properties of the oil (SAE 30) used in these tests
are shown In figure 5 as functions of temperature. Spocific-heat
and thermal-conductivity date were teken from reference 4, density
data from roference 5, and absolute~viscoslity date from measurements
madeo at the NACA Cleveland laborutory.

The varliation of pliston and sleeve dlameters with average tem-
nerature 1is presemtad in figure 6 as calculated from the measured
dlameters at {5 ¥ and the respective expanslion coefficients of
aluminum and steel. The curves provide means for evaluating the
plston clearance under any conditicun of operation emcountered in the
testa. The platon clearance calculated from flgure 6 at observed
average piston and sleeve temperatures is shown to be a function of
averuge oll-film temperature in figure T, in which representative
data at plston-clearance oll-supply rates of 5 and 12 pounds per
hour are presented.
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The piston-clearence oll-supply rate was kept constant at
oither approximately 12 or 5 pounds per hour except In those tests
in which tue piston-clearance oll-supply rate was varied. The
flow to the olling ring was controlled by varylng the feed-line
pressure by means of a needle valve. The pressure drops across the
needle valve were callbrated against the plston-clearance oil-supply
rates,

Above & plston-clearance oll-supply rate of about 20 pounds
per hour, the space above the piston filled and overflowed, which
indicated that, for the given apparatus, thls flow was approx-
imately the largest that would nass by -a1e piston through the
existing clearance space. A few runs were madv, however, with
plston-clearance oll-supply rat.s in excess of 20 pounds per hour.

The pressure of the oll enbtering tle crunkcase was kept at
30 pounds per square inch and tiiv crenkcase-oll temperature in the
reservolr at approximately 110° ¥. Sufficient time was allowed
after a change in operuting conditions to insure equilibrium before
readlngs were taken.

The average piston temieravaro T, was taken as thu average

of the temperature indlications o: the 1. equally smaced thermo-
couples shown in figure 4(b). The average sleeve temperature Tg
was taken as one-fourth of tie sum of the averages of the temper-
ature indicaliuns of the shermocounles lucated 1n each quadrant.
The riston heat-transfer arean was taken as 1.312 square feet. The
plston heat-transfer coefficlent butwoen the plston and the recip-
rocatlng €leeve was calculated from equaiion (1) using the electri-
cally measared heat 1in ut.

The heat rejected to the cooling vll was calculated for heat-
balance purposes as the product of the ccoling-oll flow, the tem-
verature rise of the oll flowing through thv coollng Jacket, and
the specific heat evaluatud at the avoraze cooling-oll tomperature.

More tests than were required to establish the effect aof the
variables were made; test results are rnot presented for exploratory
and check runs.

RESULTS A™D DISCUSSION

A summary of the test results for all conditions 1s presented
in table I.
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Heat balance. - A plot of the heat rejection to the cooling
0ll egalnst the electrical heat input to the piston is shown in
figure 8 for speed ranges of 200 to 600 and 600 to 1000 rpm. The
generally lower heet rejection to the coolling oll 1s considered,
for the most part, to be due to a heat loss from the reclprocating
8leeve to the alr. Thermal losses from the ends of the plston are
egtimated to be less than 2 percent of the electricel heat input.

The question arises of whether the circulation of oll through
the plston clearance space carrles off an appreclable portion of
the total heat flux, thereby decreasing the actual amount of heat
transferred to the slesve and making the calculated heat-transfer
coefflclents based on eleotrlcal heat lnput fictltlously high.
Conservative vetimatea of the heat carried away by the lubricating
oll circulating through the plston clearance space, assuming a
temperature rise from the reservolr-oll temperature of 110° F to
the average oll-film tsmperature and an average specific heat of
0.50 Btu per pound per °F, indicate that these losses for most of
the tests employing rlston-clearance oll-supply rates of 5 and
12 pounds per hour could not exceed 3 and 6 percent of the electrie
cal heat input, respectively. The largest portién of the electrl-
cal heat lpput 1s therefore transferred across the oll film to the
reclprocating sleeve,

Figure 8 shows that more heat was rejected to the cooling oll
in the higher speed range than 1n the lower speed range for the
same electrical heat inrut. This condition was undoubtedly the
result of increased friction heating occurring in the higher speed
range. The largust part of the frictlon heating 1s developed
betwuen the outer sleeve surface and the barrel and comprossion
oll-sealing rings. Although thls friction may have considereble
offoct on the heat balance, 1t should not appreclably affect the
the calculated heat-transfer coefficlents between the niston and
the 1nner sleeve surface. The acatter of the data at any one speed
was probably due to varylng thermal losses from the exterior of the
barrel to the atmosphere with different cooling-oll temperatures
and flowa and to the difficulty of accurately measuring the small
temperature rise of the cooling oll at the higher rates of flow.

Temperature distribuilon. ~ The temperature distribution for
two typlcal runs that are representatlve of the range of powers,
speeds, and plston-clearance oil-supply rates encountered in the
tests 1s presented in filgures 9 and 10. The peripheral distribution
- of the temperature around the plston and the reciprocating sleeve
18 shown 1in figure 9(a); the plotted temperatures are the averages
of the thermocounle indications in sach quadrant. The temperature
difference between the plston and sleeve 1s greatest at the anti-
thrust surface and decreascs to a minimum at the thrust surface.
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Figore 9(b) shows the axial variation of temperature along
the thrust surface of the sleeve. The fact that the temperature
was highest at the center of the sleeve was expected, inasmuch as
this point is always in contact wilth the hot piston surface; the
ends of the sleeve, on the other hand, are alternately heated by
the piston and cooled by the surrounding air.

Isothermal patterns for both the piston and the sleeve for
the two representative runs Jjust dlscussed are presented in fig-
ure 10; the piston and sleeve surface developments are drawn to
the same scale as shown in flgure 4, Perpendiculars to lsothermals
indicate heat-flow paths and, 1f these are vlisualized, i1t may be
seen that 1n addition to a radial flow across the piston clearance
space there 1s a secondary clrcumferential heat flow in both the
pleton and sleeve walls, The heat flow 1n the piston is from the
antithrust to the thrust slde; in the sleeve, the flow is from
the thrust to the antlithrust slde, An estimate of the circum-
ferential flow of heat in the pision wnas obtalned from simple cal-
culations based on the cross-sectlonal area of the piston wall,
the thermal conductivity of the aluminum, the average temperature
difference measured between the antithrust and thrust side of the
plston, and the two parullel flow paths, vach of' a length equal to
balf the plston circumfervncc. The calculations indicated that
the heat c.nducted clrcumferentlally through the plston walls is
less than 3 percent of the total heat input., Accordlngly, the tem-
perature data shown in flgures 9 and 10 may be used as approximate
measures of the lccal heat-transfer cowvfficlents. The circum-
ferential varlatlion of the local heat-tranefer coefficlent may be
attributed to thv varlations in the clearance space around the
plston resulting from steady side thrust.

Heat input. - The varlation of average piston, oll-film, and
sleeve temperatures and plston huat-transfer coefficlent with elec-
trical heat 1lnput is shown in flgure 1l1. The temperature level at
vhich the apparatus 18 operated was controlled »nrimarily by heat
Input. Results show an increase in plston heat-transfer coefficient
with an lncrease in heat lnput; tkis variation will be shown to be
mainly an effect of a variation with temperature of the physical
properties of the lubricating oll and the clearance between the
plston and the sleeve.

Speed. -~ In figure 12, h, T,, Tp, and Ty are plctted
agalnst average sleeve veloclity. A scale of speed values 1s given
in the figure for convenlence.) An increase in plston heat-transfer
coefficient with lncrease 1n speed was obtalned, Figure 12 presents
the comblnuwd offect of spwed and average oll-film temperature
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on h, 1pasmuch as both conditions varlied; the fact that h appre-
clably leveled off at a value of Vg of 16 feet per second may have
been due to the decreese in temperature with increase in speed.

The independent effect of speed on h 18 1solated 1n a subsequent
plot.

Average sleeve temperature, - The variaticn of h, Tp, and
T¢ with Ty 18 presemted in flgure 13. Deta are shown in vwhich
Ty was varied by varylng both cooling-oll temperature and flow

rate. The increase noted in h 1s attributed to the increase
in T¢.

Side thrust. - The effect of a steady side thrust on the aver-
age plston, 0il-film, and sleeve temperatures and on piston heat-
transfer coefficient l1s shown in figure 1l4. The results show a
glight decrease in piston temperature with an ilncrease 1n side
thrust to about SO pounds; at greater slde thrusts, Tp is con-
gtant. The sleeve temperature 1s practlically constant for the
entire range of side thrusts tested. For all practlical puxposes,
therefore, Tp, Tr, Tg, and h are independent of a steady
piston slde thrust as measured in the test apparatus.

Piston-clearance olil-supply rate. - The varlation of average
piston, oil-~film, and sleeve temperatures and piston heat-transfer
coefficlent with the rate of sunply of olil to the plston-clearance
oiling ring 1s shown in figure 15. Vhen the cther operating con-
ditions are constant, h may be seen to increase as the piston-
clearance oll-supply rate is Increased. The trend shown is not
the pure effect of plston-clearance olil-supply rate, inasmuch as
the average oll-film temperature also varied; the indenendent
varlation of h with W 1s determined in a later plot. At a
plston-clearance oll-supply rate of 12 pounds per hour, h levels
off appreclably as a result of the decrease in temperature with
increase in supply rate.

As previously indicated, the maximum possible amount of heat
that could be removed by the clearance oil at a supply rate of
12 pounds per hour wes 6 percent of the electrlical heat lnput. At
thls flow rate, therefore, the apparent increase in h due to the
heat removal by the clearance oll would not exceed 6 percent,
vhereas the indicated increase in figure 12 is 60 percent above
the value at the lowest observed flow rate of 2 pounds per hour.
Most of the increase may therefore be attributed to an actual
improvement in the heat-transfer coefficlent across the oil film
wilth increased pilston-clearance oll-flow rate.
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By way of explanation of the improvement in h with Increase
in W, the varilation of average temperature difference between
the plston end the sleeve with W 1s plotted in figure 16 for four
peripheral positions: thrust, antlthrust, and two intermedlats
positions as iIndlicated 1n the cross-sectional sketch. The data
are the same as those shown in flgure 15. The temperature differ-
ences on the thrust surface drop 10° F over the entire range of W;
on the other hand, the temperature differences on the antlthrust
surface, where the clearance space is a maximum, decrease 100° F
over the range of W. A decrease ln the temperature differences
of about 60° F at the intermediate peripheral positions 1s also
observed.

The lmprovement 1n the average plston heat-transfer coefficlent
may therefore be attributed to a reduction of the thermal resistance
of the clearance space at the antlthrust and the two intermediate
surfaces, It would appear that the increased rate of supply of oil
establishes and malntains a more completely oll-fllled clearance
gpace with attendant improved heat-tian:”.. provertles.

CORRELATION CF RESULTS
Specific Variable Correlation

As indicated in the AWALYSIS, b 1s fundamentally a function
of Ty that expresses the clearance and physical-properties effects
of the lubricating oll on the heat transfer from the plston to the
sleeve. The variation of b with Tp 1is shown in figure 17(a) for
an average sleeve veloclty of approximately 8.5 feet per second, a
slde thrust of 100 pounds, and a riston-clearance oll-supply rate of
12 pounds per hour. The plotted data include runs for varlable elec-
trical heat lnput and variable coollinu-cll temperature. It may be
seen that plotting b as a function of T¢ +to the 1l.15 power pro-

vides a falr corrolation of these test data.

For convenlence, Tp may bov used to approximate Ty as a
basls for corrvlating the test duta., Furthermore, inasmuch as the
observed spread of Tp was greater than tho spread of Ty for
the range of operating conditions encountered in the tests, the
use of Tp provides a more sensltive 1ndex of the variation of h,
The varlation of h with Ty for the same data presented in fig-
ure 17(a) is shown in figure 17(b). The trend of the data is best
represented by a line of unity slope; hence, the exponent r' = 1.00,
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In figure 14 i1t had been shown that b was practically inde-
rendent of side thrust so that the effect of slde thrust, as varied
in the tests, 1s constant.

Figures 18(a) and 18(b), respectively, show the variation of

1.15
h/(Te) and h/Tp, with average sleeve velocity Vg. The slope

of the line that best fits the data 1s 0.27, so that the exponent s
aquals 0.27. The piston heat-transfer coefficlent, measured for
stationary operation of the apparatus (with the sleeve at bottom
center), is about one-half the heat-transfer coefflclent measured
under comparable operating condltlions of average oll-fillm tempera-
ture, pleston clearance, plston-clearance oll-supprly rate, side
thrust, and an average slseve veloclty of about 8 feet per second.
The 0.27 power varlatlon of h with Vg, which if extrapolated

would predicate zero h at gzero speed, 1s therefore restricted to
the range of speeds teatdd. .

The varlation of - : with W 1s shown 1n fig-
1.1%5 0.2{
ure 19(a); Tigure 19(d) shows the varilation of —______?r.with W.
Q.27
Tp(Ve)

For the range of plston~clwarance oll-supply rate from 2 to 20 pounds
por hour, a line of slope 0,35 fite thu data qulte well. As pre-
vicusly mentioned, greater values of W cause the smice above the
piston to £111 and overflow, 1ndlicating a maximum rate of oll clrcu-~

lution through the nistcn clearance. Values of T 15h T
h (Te) (Ve)
or ———_—_5_57 for the larger rates of oll supply are about the

Tp(Vs)
same af those observed at a W of 20 pounds per hour, verlifylng
this value as approximately the maximum oil flow rate by the plston
for the oxisting clearance. The value 0.35 for the exponent y omn
W 18 thereforyv limited to plston-clearance oil-supply rates bolow
20 pounds per hour for tho daca of tho subject apparatus,

The logarithmic correlation plots presented (figs. 17 to 19)
separate the effects of the varlables on the plston heat-transfer
coefficlent. The previous curves {(figs. 1l %o 15) did not show
"pure trends because Ty varied during tests in which other
variables were 1lnveastlgated.
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The final correlation curve of h against the establlished
1,15 0.27 0.35 0.27 0.35

parameters (Tg) (vg) (W) or (Tp)(Vg) (W) 1s
shown in figure 20. All the data presented 1n table I are plotted
against these parameters. Included in figure 20(a) and 20(d) are
gserles of runs wilth the thrust arm reversed so as to lnterchange
the thrust and antithrust surfaces. The temperature distributlons
and the heat~flow paths were altered, but the effect of the vari-~
ables on the plston heat-transfer coefficlent was not changed.

The solid line in figure 20(a) represents the relationship

1.15

. 0.27 , ,0.35 -5
b = 1.78 (T¢) (Vs)

(W) x 10 (8)
and in figure 20(b), the equation of the solid line 1s

b = 3.39 (Tp) (vs)o'27 (w)o'35 x 100" (9)

in which Ty and Tp are oxpressed in QF, Vg 1n feet per second,
and W 1n pounds per hour.

Approximately the same degree of correlatiovn 1s obtalned with
the average oll-fllm temperature as with the average plston tem-
perature as the correlatlon basls over the range of operating con-
ditlons encountered in the tests., Dashed lines revresenting a
1t10~-percent deviatlon from the correlation curve show that, with
the exception of a few runs, the data fall within these limits.
Elther equation (8) or equation (9), therefore, sums up all the
effects of the controllable factors on the plston heat-transfer
coefficlent wlthin the speclfled limits.

General Correlation

The general correlatiun lnvolving the nondimensional parameters

is presented in figurv Zl(a) and 21(b), where %? 1s plotted
Dva

/Cph
k?;) for all the test data at plston-

clearance oll-supply rates of 5 and 12 pounds per hour, respectively.
Physical propertles, evaluated at the average oll-~-fllm temperature
Ty, were taken from figure S5, the piston clearance was calculated
from flgure 6 at the observed average plston and sleeve temperatures,

agalnst the product (
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and h and Vg were taken as before. Reynolds numbers for the
data_of filgure 20 based on average sleeve velocity, range from
70 to 660. Reynolds numbers based upon the maximum veloolty -
ocourring in the stroke, which is about 1.5 Vg range from 105 to
990.

A line of slope 0.30 fits the data falrly well; dashed lines
representing +10 percent deviatlon from the correlation curve are
Included. The talled poilnts which fall well below the curve 1ln
figure 21(b) are for runs at the lowest heat input (0.95 Btu/sec),
where the preclsion of measurement is poor. The fact thal the
absolute values of %? are lower for a nlston~claarance oll-supply
rate of 5 pounds per hour than for 12 pounds per hour may be
attributed to less comnlete filling of the clearance space wlth oll
at the lower supsly rate and hence a reductlon In effective heat-
transfer arva. The rezlon of the plston and the cylinder separated
by an alr gap ls consldered to be an ineffectlve heat-transfer area
because of the decldedly Infericr heat-trensfer ypropertles of alr
ag compared with cll.

Although a fair ccrrelation of the duta 1s obtained thruugh
use of equatlon (7), 1t 18 recognized thut the amount and the scope
of data obtalned l1s insuffi:leni to plnce toco much confldence in
the valldlty of this *type of ccrrelatlomn.

CONCLUSTONS

Frum tests of a hegat-trunasfer apparatus simulating the usual
rvlation between pilston and cylinder wall by means of an electri-
cally heated smooth-wulled aluminum plston and & reciprocating
8teel sleeve separated by un oll fiim, 1t was found that the plston
heat-transfer coefflclont:

1. Increased with speoed but began to level off at an average
Blesve veloulty of 16 fwet per socond as a rosult of the reduced
oll-f1lm temperatures occurring with lncreased speed.

2. Was not significahtly affected by a varlation in steady
alde thrust over a range of 10 to 150 pounds.

3. Increased with an inorease in the piston-clearance oll-
supply rate, but apnroached constancy with an increase 1n oll supply
above about 12 pounds per hour as a result of the attendant decreas-
ing oll-film temperature on the antl- and non-thrust surfaces,
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4, Could he correlated falrly well as functions of the average
0ll-film temperature or the average plston temperature, the average
sleeve veloclity, and the piston-cleasrance oll-supply rate; the
plston heat-transfer coefficlent varled as the 1.15 power of the
average oll-film temperature, directly with the average piston tem-
perature, as the 0.27 power of the average sleeve veloclty, and as
the 0.35 power of the plston-clearance oll-supply rate wlthin the
range of conditlons tested.

5. Could be correlated falrly well as functlions of a Reynolds
and a Prandtl number based on the average or the maxlimum sleeve
veloclty, the plston clearance, and the physical properties of the
lubricating oll; the Nusselt number varled as the 0.30 power of
both the Reynolds and Prandtl numbers.

Alrcraft Engine Research Laboratory,
National Advisory Committes for Aeronautlcs,
Cleveland, Ohlo, Ockcbem 5, .
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TABLE I - SUMMARY OF DATA

AND RESULTS FOR PISTON RECIPROCATING-SLEEVE APPARATUS

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS

Run | Blectrical | Operating | Platon- Piaton | Cooling- | Average | Specific | Heat Heat= Average | Averege | Average |Piston heat- | Correlation |Corrslation

heat input | speed olearance |eidoc |[oil flow | cooling- | heat of |rejeo~ |balance |pleton |slesve |oil-rilm |tranafer purameter parameter

H (rpm) oil-aupply | thrust | rate 0il tem- | cooling | tion ratio tempor- | temper- | temper- |coefficient ( )1.15 0,27
(8tu/aea) rate P (1b/min) | porature | oil to oil | (per- atura ature ature h T Tp(Vy)

(1b) {oF) (Btu)é (Btu/ | eant) > T To Eseug/gzg;; (v’)o.zv (wy0+36

(1b/hr) (15)(op) | sec) F) | (op) | qopy 1R (wy0+35 :
Variable heat input

80 0.95 490 12 100 20 130 0.467 0.89 94 206 156 181 0.0249 1637 856
81 1.90 490 20 132 +460 1.43 75 239 168 203 0351 1869 996
82 2.84 490 20 130 <467 2.17 76 270 183 230 .0392 218 1157
83 3,79 490 20 130 467 3.08 8l 305 199 252 .04€9 2392 1269
84 4,74 490 20 130 467 3.90 82 341 212 276 . 0482 2659 1419
85 5.69 490 20 130 .467 474 83 370 232 301 20541 2935 1638
125 2.84 950 42 159 .400 2,76 97 202 205 249 .0428 2824 1452
126 3.41 950 40 152 A7 3.27 26 297 205 251 -048€ 2848 1476
127 4.74 950 40 150 .476 4.51 95 337 221 279 2062 3219 1674
128 5.35 950 40 154 .478 4.73 88 348 230 289 .0504 3349 1729
129 6,07 250 39 184 478 5.34 88 366 241 304 063 3550 1820
130 6.66 950 39 153 .478 5.74 86 378 247 313 +0€E65 3673 1879
131 6.98 950 39 155 476 6.06 87 387 250 319 +0668 3755 1825
161 +95 940 40 132 .468 1.67 176 199 156 178 .0280 1911 285
162 1.90 240 40 13) .4€7 2.34 183 227 167 187 0415 2147 1123
163 2.84 240 39 132 468 2.95 104 266 177 222 0418 246€ 1317
164 3.79 940 38 130 .467 3.62 96 292 187 240 20473 2692 . 1445
165 4.74 940 41 132 468 £.35 92 317 200 259 »0531 2945 ; 1569
168 .95 540 41 150 476 .94 99 210 171 191 .0319 1790 L 897
167 1.90 540 42 149 .476 .65 87 244 184 214 L0415 2037 1042
1€8 2.84 540 43 153 .478 2.38 84 290 198 244 .0405 23€9 1238
169 3.70 540 41 150 476 3.05 00 325 209 267 .0428 2627 1368
170 5.9 540 39 150 476 4.63 )8 377 236 307 »0529 3088 1€10
171 1.90 540 20 151 477 1.48 8 258 186 222 .0346 2127 11102
172 3.79 540 20 154 .478 2.79 74 323 el2 268 0448 2638 11379
173 5.69 540 2l 152 477 4.19 74 376 238 307 0541 3086 1€05
249 5.69 940 60 142 473 5.10 91 348 223 286 .0597 3310 11724
250 4.74 940 60 142 .472 4.37 92 323 211 267 .0555 3046 . 1600
251 3.78 940 59 141 472 3.44 91 296 19¢ 246 0497 277! i 1467
252 2.84 940 62 144 474 2.63 83 272 187 230 0433 25€7 1340
253 1.90 240 60 139 471 2.14 113 235 17€ 20€ 0422 22€4 114
254 1.42 940 61 144 474 1.54 100 219 175 197 0423 2150 1085
265 .95 940 €l 140 472 1.34 141 2 164 183 .0320 1979 1002
405 1.90 560 €0 140 472 1.5 87 237 165 201 +0346 1913 1021
406 2.84 560 €0 140 472 2.25 79 273 180 227 .0400 2205 1178
407 3.79 560 60 141 472 3.02 80 307 189 248 .0421 2437 1324
408 4.74 560 60 142 472 3.78 80 339 205 272 0464 2713 1462
409 5.69 560 60 140 472 4.49 79 367 2l1€ 292 . 0494 2948 1684
410 6.64 560 60 141 472 5.21 70 393 234 314 +0547 3les 1696
411 7.58 660 59 141 472 5.80 7Y 4l6 245 331 +0501 3398 1794
267 6.64 535 5 400 60 140 472 5,00 75 423 242 332 .0401 2476 1326
268 5.69 535 59 138 .47 4.44 70 395 228 312 .0447 2307 1238
269 6.64 530 60 141 472 5.20 75 415 241 328 .0500 2440 1298
270 5.69 530 60 137 .470 4.54 00 394 228 311 20449 2294 1233
271 4.74 530 60 142 472 3.85 8l 3€8 212 290 .0398 2116 1150
272 3.79 530 60 140 471 3.1€ 83 331 195 263 «0365 1894 103€
273 2.84 630 €3 142 473 2.37 83 294 183 239 0335 1699 920
274 1.90 530 62 140 471 1.81 95 253 169 211 0297 1471 792
285 3.79 950 59 140 471 3.50 94 309 184 247 .0397 20€1 1131
286 2.84 950 59 137 .470 2.84 100 276 176 227 .0365 18€9 1017
287 1.90 950 60 139 471 2.07 109 247 168 206 .0315 1691 904
363 7.58 560 100 61 142 472 5.79 76 455 252 354 .0490 2706 1445
364 6.64 560 60 140 471 5.47 82 434 234 334 .0435 2527 1378
365 5.69 560 60 142 .472 4.74 83 406 220 313 .0401 2343 1289
366 4.74 S5€5 €1 142 .472 3.94 03 376 203 299 - 0359 215% 1196
367 3.7% 565 60 140 472 3.1 82 344 121 268 .0325 15€9 1004
368 2.84 565 61 140 472 2.19 7 299 182 241 .0318 1730 950
369 2.37 570 €0 140 471 1.80 80 278 17 225 0290 1614 887
370 1.90 570 €2 140 472 1.35 71 256 164 210 .0271 1490 817
371 1.42 570 63 138 471 1.13 80 232 158 185 .0252 1366 739
372 .95 560 61 12 471 72 76 206 151 179 L0226 1233 653

'Stoady alde thrust reversed.
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TASBLE I - SUMMARY OF DATA AND RESULTS FOR PISTON RECIPBOCATING-SLEEVE APPARATUS - Continued

CONMITTEE FOR AERONAUTICS

NATIONAL ADVISORY

Run |Rlectrical {Operating [Piston- Piaton {Cooling- |Averago |[Specific [Heat Heat- Averege | Average | Average |Piston heat- |Correiation | Correlation
heat input |spesd clearance elde oil flow [cooling- |heat of rejec- | balance |piston |sleeve |oil-film |transfer parameter parsmeter
H {rpm) oil-supply | thmist [rate oil tem- |cooling tion ratlo temper- | temper- | temper- coefficient 1.15 ( 0.27
{Btu/asec) rate F (1b/min) {perature |oil to oll | (per- ature ature ature h (Tr) Tp ve)
w (1b) (°F) (Btu)é (8tu/ | cent) Tp Ty Ty (Btu)/(sg;) s )0-27 ‘"0'55
(1b/hr) (16)(°F) sec) (°F) (°F) (°F) (sq ££)(°F) ‘o -
(W)™
Variable cooling-oil flow rate
86. 3.79 485 12 100 12 130 0.467 5.22 85 320 207 263 3.0440 2507 1326
87 3.79 515 13 131 467 3.26 86 314 202 258 <0444 2500 1524
88 3.79 515 19 130 467 3.1a8 84 313 198 255 <0432 2465 1319
89 3.79 520 30 130 467 3.31 a7 315 198 256 <25 2476 1331
90 3.79 520 41 131 487 3.12 a2 300 157 253 «Ot44 2449 1207
9l 35.79 525 58 131 .467 3.02 80 306 157 251 JO48€ 2426 1295
9 35.79 525 77 130 467 2.11 56 303 163 248 <0452 2392 1283
147 6.64 M0 85 153 .478 5.76 87 376 241 309 0645 3607 16€3
148 6.64 940 66 151 477 5.78 87 374 240 307 0650 3582 1683
149 €.64 940 48 153 .478 5.67 85 377 244 311 0654 5630 1367
150 6.64 940 22 153 478 5.28 80 385 248 317 +0ES5 3717 1908
Variasble piston side thrust
27 1.82 260 12 50 15 117 0.4€1 1.46 80 245 15€ €01 0.0268 1551 656
28 l.a2 260 100 15 116 .4€1 1.49 a2 24€ 161 204 .0281 1578 859
29 l.82 260 150 15 118 .461 1.43 79 245 159 202 0277 1562 856
30 1.82 265 10 15 118 .461 1.44 79 245 159 202 0277 1571 661
31 1.82 215 10 15 117 .461 1.39 76 252 162 207 0265 1525 837
32 1.82 215 100 15 117 .461 1.36 75 251 1€6 209 0281 41 832
33 1.82 215 50 15 118 .462 1,33 73 251 163 207 027 1521 632
>4 I.82 215 150 15 116 .461 1.42 76 250 le2 206 0271 1521 832
35 1.82 295 10 14 116 .463 1.39 76 242 15€ 199 LOR77 1567 675
36 l1.82 300 50 14 115 .462 1.41 77 239 155 197 0284 1576 8€B
37 1.82 300 100 14 115 462 1.39 76 239 18 197 0281 157€ 668
38 1.82 300 150 14 116 -463 1.41 77 239 157 198 0291 1587 868
39 1.86 500 30 15 116 +461 1.47 79 242 154 198 0277 1569 880
40 1.86 360 50 15 117 461 1.48 a0 238 156 197 .0297 1€€1 911
41 1.88 360 100 15 118 .461 1.49 79 238 156 197 .0300 1661 911
42 1.88 360 30 15 117 .461 1.50 80 238 154 196 0293 1650 911
435 1.86 360 150 14 117 .461 1.45 78 235 157 196 0312 1649 899
44 1.86 360 10 15 117 .461 1.50 8l 235 18 194 L0297 1630 899
45 1.90 405 50 15 118 +461 1.45 76 235 158 197 0323 1714 928
46 1.90 405 1o 15 119 .462 1.51 79 234 157 196 0323 17% 525
47 1.90 405 150 15 119 .462 1.44 76 234 159 157 0331 171€ 925
48 1.90 405 30 15 118 .461 1.47 7 236 157 197 0315 1719 935
49 1.90 405 100 15 118 .461 1.44 7€ 236 159 1s8 0323 1731 935
55 1.90 365 10 21 132 .468 1.2€¢ €6 24¢€ 168 207 .0319 1761 944
56 1.90 365 50 21 132 .468 1l.2¢ 12 244 169 206 0332 1755 937
58 1.90 365 100 20 132 .4€8 1.51 79 247 170 20€ 0323 1775 949
59 1.90 365 150 20 131 4ET 1.49 76 24¢€ 168 207 0319 1761 944
66 2.684 485 10 23 132 .468 2.58 84 276 183 229 +0400 2141 1145
67 2.64 485 50 21 132 .468 2.13 75 274 179 226 0392 2104 11z
68 2.64 485 100 21 132 .468 2.18 77 276 184 230 <0405 2149 1145
€9 2.64 485 150 20 132 .468 2.08 73 267 186 22€ .0460 2106 1107
74 3.79 490 50 20 130 467 3.08 0l 311 198 254 0440 416 1293
75 3.79 490 100 20 130 467 3.08 ol 310 197 253 0440 2409 1292
76 5.79 490 150 20 132 468 3.09 02 310 199 254 0448 2418 1299
i 5.79 490 10 20 130 -467 3.11 82 313 192 252 0411 2392 13502
78 5.79 490 100 20 130 -467 3.13 83 309 195 252 0436 2393 1266
79 35.79 490 50 20 130 +4€7 3.07 81 309 199 254 0452 2418 1286
121 6.64 960 10 40 152 -477 5.50 a3 386 249 318 0635 3744 1922
122 6.64 960 50 39 151 477 5.53 a3 380 246 313 +0650 36683 1894
123 6.64 960 100 39 152 477 5.47 82 379 247 313 0659 3683 1889
124 6.64 960 150 39 152 ~AT7 5.57 B84 380 249 315 0665 3708 1894
143 6.64 940 150 40 152 .477 5.91 89 38l 245 3135 +0640 3€60 1887
144 €.64 940 100 39 152 477 5,75 87 381 243 312 0633 3645 1887
145 6.64 940 S0 39 152 477 5.72 86 380 244 3l2 0640 3E45 1882
146 6.64 M0 10 38 150 476 5.55 a3 378 243 311 0645 3630 1872
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TABLE I - SUMMARY OF DATA AND RESULTS FOR PISTON RECIPROCATING~-SLEEVE APPARATUS - Continued

NATIONAL ADVISORY

COMMITTEE FOR AE

RONAUT ICS
Con tion

Run | Bleotricsl | Operating | Pleten- Piston | Cooling- | Average | Specific | Heat Heat- Average | Aversge | Aversgs |Piston hest- | Correlstion
heat input | gpsed olearance | side 0il flow | coollng~ | heat of | rejec- |balance | pleton | eleeve |oil-film |tranefsr pn'uutor paramstsr
H {rpm) oil-supply | thruet | rate oil tem- cooling tion ratio temper~ | temper- | tempsr- ool!‘!‘icilnt 0.27
(Btu/ss0) rste (1b/min) | persture to oil | (per- ature sture ature ( f) TP(V.)
) § (1b) (°F) Btu é (Btu/ | cent) T T Ty 2Btu)/(uc) (v, )o 27 410+35
{1b/hr) (1b)(OFP) | eec) (9P (°F) (°F) sq £t)(°P) e (W)
(w)~*
Varisble pleton-cleerence oil-supply rate
313 3.79 560 [] 100 [-{o] 140 0.471 3.42 90 325 131 258 0.0371 2003 1106
314 3.79 20 59 138 471 3.25 86 295 186 241 0456 2820 1522
315 3.79 7 50 139 471 3.25 86 312 190 251 0407 2046 1117
315 3.79 12 60 140 471 3.23 856 298 187 243 .0448 2380 1280
317 3.79 4 80 140 471 3.09 82 331 192 262 - 0387 1767 969
324 1.90 -] 59 153 .478 1.67 88 267 173 220 0264 1309 708
328 1.90 5 60 152 477 1.70 89 260 174 217 .0289 1539 827
326 1.90 [} 61 153 478 1.68 88 254 173 214 . 0307 1614 863
3»7 1.90 11 60 152 »477 1.66 87 245 173 209 0345 1941 1028
320 1.90 16 61 155 479 1.52 80 239 173 206 . 0877 2131 1114
329 1,90 20 60 155 479 1.37 7 232 174 205 0429 2315 1196
330 1,90 30 60 151 477 1.25 66 229 170 200 0421 emeenmunw we |eecvecnumas
331 1,90 46 60 156 479 .99 52 228 170 109 0429 OO ICE P L) CCLCC LR
332 1.90 4 61 155 479 1.47 77 263 174 219 0279 1438 769
394 3.79 2 60 143 2473 3.23 85 376 196 286 L0277 1534 867
398 3.79 2 61 140 472 5.34 88 369 1985 282 .0286 1511 850
396 3,79 9 59 138 471 3.17 84 312 191 252 . 0410 2245 1218
397 3.79 5 61 140 .472 3.24 85 337 197 267 . 0355 1951 1072
308 3.79 19 €0 139 471 3.02 80 299 189 244 0452 2811 151¢
399 1,90 3 59 152 477 1.€5 87 282 177 230 0237 1375 750
400 1.90 5 66 152 477 1.68 a8 264 182 223 0304 1587 839
401 1.90 9 50 151 477 1.63 86 250 177 214 0341 1859 890
402 1,90 19 50 151 477 1.49 78 232 174 203 0429 2274 1173
405 1.90 30 51 153 477 1.37 72 234 172 203 0402 weewsesenen |ecvsccccces
404 1.90 14 €0 153 478 1.42 75 243 177 210 0377 2125 1106
Variable operating epeed

50 1.90 408 12 50 15 117 0.461 1.44 7€ 234 157 196 0,0523 1704 926

51 1.90 360 15 118 +461 1.45 76 239 157 198 0305 1671 915

&2 1.90 300 15 118 +461 1.46 7 243 159 201 0296 1617 88b

83 1.90 250 15 118 .461 1.46 77 248 159 204 .0279 1566 859

54 1.90 216 15 118 .461 1.40 4 252 163 208 L0279 1534 837
108 3,79 225 100 20 132 .468 2,87 76 349 215 282 .0371 2201 1173
107 3,79 225 20 130 467 3.10 82 345 212 279 . 0374 2177 1159
108 3.79 300 20 130 1467 3.17 84 333 208 270 . 0391 2268 1212
109 3,79 800 17 128 »4606 3.63 96 303 196 250 0464 2710 1438
110 3.79 1015 19 131 .467 3,70 98 290 187 244 0534 2808 1467
132 5,64 950 40 154 478 5.73 86 382 243 313 «0626 3€72 1398
133 6,64 800 40 154 .478 5,70 8¢ 389 25€ 323 +0E55 3635 184¢€
134 6.64 1.0} 39 158 478 5.47 82 396 253 325 «0609 3464 1777
135 6,64 500 39 154 .478 5.47 82 404 256 331 +059€ 3294 1689
138 5,64 860 39 153 .47 5,54 83 386 250 318 +0640 3637 18€7
137 6.64 730 39 182 477 5.48 83 391 253 322 0631 3537 1810
190 +95 450 61 127 . 466 1.07 113 189 143 166 .0270 1447 768
191 81 €660 61 131 <467 1.17 123 104 148 1n .0270 1651 a73
108 31, 820 83 135 469 1.25 132 199 159 179 «0311 1855 949
1Q3 «95 1020 61 140 AT 1.22 129 196 1€2 179 +03€6 1969 992
194 5.69 460 60 140 472 4.42 78 370 221 296 .0500 2832 1512
195 5,69 465 62 140 472 4.41 78 375 224 300 04904 2887 1538
166 5.69 640 8l 141 472 4.79 84 365 220 293 0514 3061 1531
197 5,69 825 63 142 472 5.10 80 359 225 292 «055€ 32€2 1717
198 5.69 1010 63 140 .472 5.13 80 345 218 282 «0587 3309 1743
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TABLE I = SUMMARY OF DATA AND RESULTS FOR PISTON RECIPROCATING-SLEEVE APPARATUS - Continued

NAT |ONAL ADV|ISORY

COMMITTEE FOR AERONAUTICS

Run | Elaotricel | Operating | Pieton= Pleton | Cooling- |Average | Specifio | Heat Heat- Average | Averaga | Avaraga |Piaton heat- | Corralation | Correlation
heat input | speed olearanoa | aide oil flow | ocoling- | heat of | rejec- |balance |pieton | alaeve |oil-film |transfer persmeter pArsaster
(rpm) oil-eupply | thruet | rata oil tem- | cooling |tion |[ratio tempar=- | temper~ | tempar- |%cafficiant (r 1,16 0,27
(Btu/asc) rata P (1b/min) | perature | oil to oil | {per- ature ature atura h f) !,(V..)
(169 (°F) (su) (8tu/ | cant) | T, T, T 2aeu)/ (ags) TR Nl (w)9:36
(1b/hr) )(OF) | sec) (°F) | (°p) ) | (e £ ()0-36
Variable operating epead = Conoluded

233 7.58 300 12 100 82 142 0,473 5.76 76 437 275 356 0.0613 3114 1
234 7.58 460 €l 140 472 5.88 78 426 264 345 +081l3 3376 1741
236 7.58 560 60 140 471 6.09 80 418 254 336 0608 3469 1803
236 7.58 €60 €0 139 471 6.25 82 413 261 332 <0613 3544 18563
37 7.68 800 60 138 471 6,39 84 407 246 327 ~0617 3688 1932
238 7.58 985 59 138 470 €.48 85 397 234 316 .0610 3729 1982
243 6.64 340 €0 146 474 4,99 15 425 259 342 «0524 3089 1603
244 6,64 460 60 150 476 5.32 80 413 250 332 Q534 3231 1689
246 6,64 680 61 149 476 5.89 89 404 244 324 0544 3491 1634
246 6.64 840 €1 149 476 5.86 88 386 239 313 Q592 3653 1856
247 6,64 575 €0 148 476 5.47 82 402 245 324 ,0554 3340 1746
248 6.64 966 80 149 476 5.93 89 383 238 311 .0600 3360 1910
266 7.39 1010 €1 150 476 6.65 20 399 249 324 <0846 3884 2015
257 7.39 930 61 150 476 6.21 B84 400 247 324 0633 3801 1977
288 7.39 790 61 152 477 6,07 82 406 258 3352 .0655 3736 1920
269 739 645 &2 150 476 5.86 9 415 258 337 +0€17 3600 1888
260 7.39 565 61 150 476 5.85 79 423 259 341 .0591 3624 1827
261 7.39 430 61 150 476 5.59 76 425 267 346 0613 3330 1705
262 T.39 340 61 150 476 5.41 73 442 280 361 .0598 32689 1667
263 7.39 245 61 151 477 5.87 79 456 292 374 0591 3117 1587
343 5.69 300 60 150 476 3.70 65 380 242 316 0504 2718 1419
344 6.69 420 60 152 477 4.13 73 377 231 304 .0511 2847 1503
345 6,69 580 60 150 476 4.37 s 372 223 298 +0501 3011 1605
346 6.69 660 59 150 «476 4.26 15 367 216 291 . 0491 3063 1653
347 5.69 860 60 151 477 4.74 83 347 219 283 .0583 3179 1674
412 3.79 260 61 140 .472 2.81 74 335 209 272 .0394 2176 1169
413 3.79 415 60 139 471 2.87 6 316 201 259 . 0432 2363 1267
414 3.79 560 60 140 472 2.97 18 308 191 250 <0426 24€2 1328
415 3.79 €80 60 139 471 3.14 83 303 128 246 0432 2543 1376
416 3.7% 876 €0 140 472 3.12 82 298 184 241 <0438 2658 1448
417 3.79 1050 62 142 472 3.00 8l 285 181 233 0478 2650 1436
275 3.79 250 5 ®100 60 142 472 3.02 80 360 218 269 0350 1714 ol7
276 3.79 416 €0 139 471 2.99 79 344 207 276 . 0363 1872 1008
27 3.79 536 €0 140 472 3.21 85 341 199 270 .0350 19563 1069
278 3.79 6§60 €0 140 472 3.18 84 334 134 264 Q0355 2008 1103
27 3.79 800 €2 140 471 3.59 95 321 190 286 L0379 2048 1120
280 3,79 925 €1 142 472 3.50 92 313 186 250 .0391 2076 1138
373 3.79 250 100 60 140 472 3,00 79 372 209 201 . 0305 1729 946
374 3.79 416 60 140 472 2,78 73 347 197 272 .0331 1840 1016
375 3.79 560 59 140 472 3.25 86 336 192 264 0346 192€ 1066
376 3,79 685 59 140 472 3.11 82 327 193 260 .0371 2001 1096
377 3,79 875 59 140 471 J.22 85 315 184 250 0379 2043 1127
378 3.79 1000 61 141 472 3.25 86 313 186 250 .0391 2118 1161
379 6.64 1000 60 139 471 5.28 80 383 218 299 .0518 2601 1421
380 6,64 870 61 142 472 5.23 79 398 219 309 . 0486 2601 1422
381 6,64 6§70 €0 141 472 5.18 8 416 224 320 «0453 2624 13885
382 6.64 575 81 139 471 o 72 421 233 327 . 0463 2482 1346
383 €.64 410 60 139 471 3.88 58 428 242 3356 0468 2329 1249
384 €6.64 270 €0 140 471 4.49 68 455 263 359 «O453 2237 1182

[
Staedy aide thrust reversed.
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TABLE I - SUMMARY OF DATA AND RESULTS FPOR PISTON RECIPROCATING-SLEEVE APPARATUS - Concluded m

COMMITYEE FOR AERONAUTICS W

Run | Electricsl | Operating | Piston- Piston | Cooling- | Average | Specific | Heat Heat- Average | Average | Average | Plston heat- | Correlation porrelatioT‘ :

heat input | epeed clearance | side oil flow | cooling- | heat of | rejec- |balance |piston | sleeve | oil-film |transfer parameter parameter
H {rpm) oll-supply | thrust | rate oil tem- | cooling [ tion ratio temper- | temper- | temper- |coefflclent 1.15 Ly v )0.27 ©o
(Btu/sec) rate F (1b/min) | perature | oil to oll | (per- ature ature ature h (1) ‘p''s
w (1b) (°F) (Btu)/ (8tu/ | cent) T T, Tr (Btu)/(sec) (v4)°+27 0.35
(16){°P) | sec) op o (3q £t)(°F) s ()
(1b/hr) (°P) (°F) (°F) (w)0+35
Variable average cooling-oil temperature

61 1.90 360 12 100 21 111 0.458 2.00 105 237 150 194 0.0286 1629 906
€2 1.90 360 20 118 .461 1.82 96 242 15€ 199 +0290 1678 925
63 1.90 360 20 127 .466 1.62 85 250 167 209 .0300 1778 956
64 1.90 360 20 143 473 1.36 72 257 178 218 .0315 1867 983
€5 1.90 360 22 154 .478 1.51 79 2€5 191 228 0337 1963 1014
100 3.79 5256 19 123 .464 3.24 85 308 192 250 .0428 2419 1305
101 3.79 525 20 136 .470 2.78 73 314 203 258 0448 2505 1331
102 3.79 525 19 127 .466 3.12 82 314 197 255 0425 2480 1331
105 3.79 525 20 142 472 2.84 75 316 211 263 0473 2562 1338
104 3.79 525 20 152 477 2.68 71 324 225 274 .0502 2687 1371
105 3.79 526 20 160 .482 2.68 71 332 233 282 .0502 2776 1407
138 €.64 935 40 129 466 6.03 91 370 223 297 .0592 3441 1829
139 6.64 940 41 138 .470 5.92 89 372 231 302 .0617 3514 1844
140 6.64 940 44 148 475 6.27 94 379 242 311 0625 3630 1877
141 6.64 940 39 152 477 5.95 90 385 247 31€ 0631 3702 1908
142 6.64 940 41 162 .482 5.90 89 389 250 320 +0626 3755 1927
385 5.69 560 5 58 172 .487 3.94 69 415 245 330 0439 2491 1317
386 5.69 560 61 164 .483 4.10 72 407 237 322 + 0439 2422 1292
387 5.69 560 60 151 477 4.32 76 401 229 315 0434 2362 1273
308 5.69 560 61 138 .471 4.51 79 389 217 303 <0434 2256 1234
389 5.69 560 57 125 .464 4.23 74 382 204 293 0419 2175 1213
390 1.90 560 61 121 463 1.67 88 240 148 194 .0271 1353 762
391 1.90 560 61 136 .470 l.21 €4 245 1€1 203 .0297 1426 778
392 1.90 560 €0 149 .476 1.14 60 253 170 212 .0300 1496 802
393 1.90 560 61 158 .480 1.15 61 2€1 177 219 .0297 1556 829

€7
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Figure 2. -~ Construction details of the piston
reciprocating sleeve heat-transfer apparatus.
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Figure 3. - Schematic diagram of lubricating and cooling-oil! systems for the piston
reciprocating-sleeve heat-transfer apparatus.
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Temperature, °F

Flgure 5.- Physical properties of SAE 30 oll as functions of temberature.
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NACA ARR No. E5KGS8 Fige 7
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